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Abstract Since xylanases can differ widely in their bleaching efficiency, the
performance of one new and two commercial xylanases was evaluated in an
eucalyptus kraft pulp following XD (X: xylanase; D: chlorine dioxide) and XP
(P: hydrogen peroxide) sequences. The new xylanase did not show a significant
bleach boosting effect but increased the hexenuronic acid (HexA) removal by 10%
after the D stage. The two commercial xylanases behaved in a different way, being
one of them (XC) the most effective in increasing delignification (9%) and bright-
ness (3%ISO). Its effectiveness was related to its greater action on releasing the
xylan polymer, thus producing also a strong decrease in the HexA contents during
the enzymatic stage (15%). All xylanases produced morphological changes in the
fibre surfaces, but only with XC cracks and holes that improved the diffusion of
reactives were observed. Finally, the best bleaching results were obtained with the
XD sequence and therefore, a complete bleaching sequence XDEopD1 (Eop:
alkaline extraction with oxygen and peroxide) was carried out with the best enzyme.
Introduction
The environmental pressure to diminish or eliminate the formation of organochlo-
rinated compounds (AOX) of high toxicity during the bleaching process has led the
pulp bleaching plants not only to a total substitution of chlorine by chlorine dioxide,
but also to a higher use of oxygen in delignification processes and to a higher use of
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hydrogen peroxide and ozone (Hatam et al. 2008; Moreira et al. 2003; Roncero and
Vidal 2007; Torres et al. 2004), giving rise to the appearance of new products in the
market, such as ECF (Elemental Chlorine Free) and TCF (Totally Chlorine Free)
pulps.
The use of biotechnology in paper pulp bleaching has attracted enormous
attention, and very interesting results have been achieved. The use of enzymes
like xylanases is a great technological improvement because their application
boosts the bleaching effects of the chemical agents used in the ECF (Madlala
et al. 2001; Siles et al. 1996; Vidal et al. 1997) and in TCF (Roncero et al. 2003a,
b; Valls and Roncero 2009) sequences, contributing to high chemical savings
(Torres et al. 2000), and the most important, remarkably diminishing the
production of pollutants during the bleaching process (Amin 2006). Moreover,
including the use of xylanases in a pulp mill is simple and economically feasible
(Fillat et al. 2008; Maddern et al. 1993; Popovici et al. 2004; Tolan and Spence
1997; Viikari et al. 1994).
The positive effect of xylanases on pulps is attributed to the removal of xylans
from the fibre surface, thus making lignin freer and more accessible for future
bleaching stages (Roncero et al. 2003c, 2005; Shah et al. 2000; Viikari et al. 1996).
The bleaching capacity of xylanases is not the same among the different types
tested, and important differences in performance between different xylanolytic
enzymes have been described (Biely et al. 1997; Christov et al. 2000; Clarke et al.
1997; Patel et al. 1993). A very innovative aspect related to the use of xylanases is
their potential effect in reducing the contents of hexenuronic acids (HexA) from
pulps, as they are known by their negative effects on the bleaching processes and on
the final properties of pulps (Jiang et al. 2000; Sevastyanova et al. 2006).
The aim of this paper was to analyse the performance of one new laboratory-
developed and two commercial xylanases during XD and XP bleaching sequences
(X: enzymatic pre-treatment stage; D: bleaching stage with chlorine dioxide;
P: bleaching stage with hydrogen peroxide). The stability of xylanases and their
effect on the different pulp (kappa number, brightness and viscosity) and effluent
(thin-layer chromatography) properties were evaluated. The evolution of hexenu-
ronic acid contents of the pulps was calculated, and the effects produced on the fibre
morphology were analysed by SEM (scanning electronic microscopy). Finally, the
effectiveness of the two bleaching agents in the presence of xylanases was
compared, and a complete bleaching sequence was carried out.
Materials and methods
Raw material
The raw material used was oxygen-delignified eucalyptus kraft pulp (Eucalyptus
globulus) produced by Torraspapel S.A. mill in Zaragoza, Spain. The initial
properties of this pulp were 9.2 kappa number; 50.2% ISO brightness;
958 ± 24 ml g-1 viscosity and 44.1 ± 0.42 lmol g-1 odp (oven-dried pulp) of
hexenuronic acid contents.
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Enzymes
The new laboratory enzyme used was xylanase XA from Paenibacillus barcinon-
ensis, isolated and characterized at the Department of Microbiology of the
University of Barcelona (Blanco et al. 1996; Gallardo et al. 2003, 2007; Sanchez
et al. 2005). This enzyme has been defined as a new type of xylanase that had as a
main characteristic, its intracellular position, that made it clearly different from the
other xylanases described until now, which are extracellular secreted enzymes.
Clarified cell extracts from recombinant strain Escherichia coli/pX20 producing
xylanase XA were used.
The two commercial xylanases used were provided by Buckmann Laboratories
Ibe´rica S.A. They were referred to as XB xylanase (BZM 2511) and XC xylanase
(BZM 2514), respectively.
Xylanase activity
Xylanase activity was assayed by measuring the amount of reducing sugars released
from birchwood xylan using the method of Nelson and Somogyi (Spiro 1966). The
assay mixture contained 0.5% xylan in a final volume of 0.1 ml of 50 mM
appropriate buffer pH 6–8. After 15 min incubation at appropriate temperature,
ranging from 40 to 70C, colour development was measured at 520 nm. One unit of
xylanase activity (EXU) was defined as the amount of enzyme that released 1 lmol
of reducing sugar equivalent per minute under the assay conditions described. For
stability determinations, xylanases were incubated in buffers ranging from pH 6.0 to
8.0, at different temperatures ranging from 40 to 70C for 2 h. Aliquots were taken
at different intervals, and xylanase activity was determined by the standard assay
and compared to initial activity of xylanase samples.
Bleaching
ECF (XD) and TCF (XP) sequences were carried out, X corresponding to the
enzymatic pre-treatment stage with xylanase, D to a bleaching stage with chlorine
dioxide and P to a bleaching stage with hydrogen peroxide. The effects of xylanases
were evaluated in comparison with a control sequence where the X treatment was
carried out without enzyme (X0). An additional control sequence containing an
Escherichia coli crude cell extract (X0EC) devoid of xylanase activity was also
carried out.
The application conditions of stage X varied depending on the enzyme used and
they are stated in Table 1. In control sequences (X0), the X stage was performed at
the conditions required by each xylanase but without enzyme addition. Xylanases
XA, XB and XC were applied at 1 U g
-1 odp for the bleaching experiments and at
2 U g-1 odp for evaluating their effects on the pulp hexenuronic acid contents. The
pulps resulting from the X stage were efficiently washed with decalcified water
three times and once with distilled water.
The D stage was carried out at 10% pulp consistency with 3% odp of chlorine
dioxide as active chlorine, at 56C for 60 min.
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The P stage was carried out at 5% consistency with 3% odp of hydrogen
peroxide, 1.5% odp of NaOH, 1% odp of DTPA and 0.2% odp of MgSO4, at 90C
for 120 min (Garcı´a et al. 2003).
Finally, a complete bleaching sequence XDEopD1 was carried out with the best
enzyme. The Eop stage (alkaline extraction with oxygen and peroxide) was carried
out at 10% consistency with 0.3% odp of hydrogen peroxide, 1.1% odp of NaOH, in
a pressurized reactor at 500 kPa, at 70C for 65 min. The D1 stage was carried out at
10% pulp consistency with 1.5% odp of chlorine dioxide as active chlorine, at 65C
for 215 min. The application conditions for the D, Eop and D1 stages are nowadays
being applied in Torraspapel S.A. industry in the Zaragoza factory.
Pulp properties
The treated pulp samples were characterized in terms of kappa number, brightness
and viscosity according to ISO 302 (1981), ISO 3688 (1977) and ISO-5351-1
(1981), respectively. The kappa number was measured two times, and four measures
of brightness were obtained in order to calculate a standard deviation, which was
found to be 0.1 for both properties. The hexenuronic acid (HexA) contents was
determined through UV detection following the method previously described (Chai
et al. 2001).
Delignification, brightness and HexA increases were calculated according to
Eqs. 1–5.
Delignificationð%Þ ¼ KNi  KNf
KNi
 100 ð1Þ
Delignification increase ð%Þ ¼ deligX  deligcontrol ð2Þ
Brightness increase ð%ISOÞ ¼ Br X  Br control ð3Þ
HexA removal ð%Þ ¼ HexAi  HexAf
HexAi
 100 ð4Þ
Increase in HexA removal ð%Þ ¼ HexA removal X  HexA removal control ð5Þ
where
Delig. and Br = delignification and brightness
X = treatment with xylanase
KNi and HexAi = kappa number or HexA content of the initial pulp
Table 1 Characteristics and application conditions of the xylanases used
Treat Dose (U g-1 odp) Temp. (8C) pH Buffer (50 mM) Time (h) Cons. (%)
X0 0 40–70 6–8 Tris–HCl or phosphate
XA 1–2 40 8 Phosphate 2 10
XB 1 60 8 Tris–HCl
XC 1–2 70 6
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KNf and HexAf = kappa number or HexA content of the pulp after each stage
(X; D or P)
Thin-layer chromatography (TLC)
The effluents from the enzymatic stages were analysed by TLC. About 100 ll of
each effluent were applied on a silica gel plate constituting the solid phase. A total
of 10 ll of an oligomer standard mixture containing X1 (xylose), X2 (xylobiose),
X3 (xylotriose), X4 (xylotetraose), G1 (glucose), G2 (cellobiose), G3 (cellotriose),
G4 (cellotetraose) and G5 (cellopentaose), 10 mg/ml each, as well as an uronic
acids mixture (Ur), 10 mg/ml each, were applied on the same plate as migration
standards. The mobile phase was a mixture of chloroform, glacial acetic acid and
H2O in a 6:7:1 ratio, respectively. The migration was repeated twice and the silica
gel plate was then sprayed (spray Fungilab S.A.) with the developing solution,
consisting of a 5% solution of H2SO4 in ethanol. Finally, the plate was introduced in
the oven at 100C for 5 min, where the spots corresponding to sugar oligomers
released from pulps were identified.
Scanning electron microscopy (SEM)
After the enzymatic stage (X), a scanning electron microscopy study of the fibres
was performed using a Stereoscan S-260, Leica Cambridge, 25 kV microscope. A
BSE Detector (scintillator backscattered detector) was used, allowing identification
of the elemental composition of the samples analysed, by means of an X-ray
microanalysis system (EDX), 260 ixl LINK, Leica Cambridge.
Results and discussion
Initially, stability of the selected xylanases under the application conditions was
measured. Then, the effect of xylanases on the pulp (kappa number, brightness and
viscosity) and effluent (TLC) properties was analysed. Further assays involved the
study of the effects of xylanases on the hexenuronic acid contents and on the fibre
morphology. Finally, the effectiveness of D and P stages was assessed and a
complete bleaching sequence was performed.
Stability of the xylanases
Most pulp mills work in alkaline pH conditions, at high temperatures and short
reaction times, which led to the development of enzymes adapted to these
conditions (Fillat et al. 2008; Loutfi 1993). To determine the operating conditions of
the three xylanases used in this work (XA, XB, XC), activity assays were performed
to find out the optimum pH and temperature for each enzyme. The results obtained
suggested that the three xylanases could be of interest for industry because they
display good activity at alkaline pH and high temperatures. Once the optimal pH
and temperature for the activity of the xylanases were determined, the stability of
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the enzymes at the conditions of industrial application for 2 h was evaluated. For
this reason, analysis of residual activity of the xylanases was performed by
measuring the difference between the enzyme activity at initial time and after 2 h of
incubation in the pulp application conditions (Table 2). The two commercial
xylanases (XB and XC) showed higher initial activity but they lost activity after a
2-h treatment, mostly XC xylanase, which did not display any activity at the end of
the treatment. However, the quantification of total sugar released from substrate
during the 2 h of incubation showed that although XB and XC had lost activity after
the treatment, they had released an important amount of sugars during this period of
time as a result of their high initial activity (Table 2). On the other hand, the new XA
xylanase, although displaying lower initial activity, was stable after 2 h of
treatment, and this feature could make this xylanase interesting for those processes
requiring re-using the enzyme.
Effect of the xylanases on kappa number
The values of kappa number of enzyme-treated samples were compared to those of
control sequences in order to evaluate the delignification effect of the different
xylanases tested (Fig. 1a). The new xylanase XA only produced a slight increase in
delignification (3%) after the enzymatic stage, whereas no effect was observed in
the subsequent bleaching stages (D or P). A similar effect was observed for
commercial XB xylanase, showing a higher delignification increase in the enzymatic
stage (6%) than XA xylanase. On the other hand, commercial XC xylanase
contributed not only to an efficient increase in delignification after the enzymatic
stage, but it also boosted the delignification produced by D or P stages (XD and XP
sequences), producing a 7% and a 9% delignification increase in the D stage and the
P stage, respectively.
Although the xylanase doses applied in the enzymatic treatment were the same in
all cases, the results obtained in kappa number were quite different, suggesting a
different behaviour of the three xylanases, as previously described by other authors
(Kolenova et al. 2006; Valls et al. 2010a).
Table 2 Enzymatic activity of the enzymes in the treatment conditions
Optimum conditions Initial activitya
(EXU mL-1)
Residual activityb
(EXU mL-1)
Total sugar releasedc
(l mol ml-1)
XA pH 8/40C 33 33.5 (100%) 3,706 (93%)
XB pH 8/60C 4,085 3,183 (78%) 285,554 (58%)
XC pH 6/70C 4,477 0 (0%) 198,391 (37%)
a Enzyme activity determined by the standard assay
b Activity determined by the standard assay after 2-h enzyme incubation at optimum conditions. (%):
percentage of activity compared to initial
c Total sugar released from the substrate during 2-h incubation at optimum conditions. (%): percentage
of sugar released compared to theoretical release without enzyme inactivation
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Effect of the xylanases on brightness
The brightness increase produced by the treatment with xylanases with respect to
the control sequence was measured (Fig. 1b). As in the case of delignification, the
new XA xylanase only produced a slight increase in brightness after the enzymatic
stage (0.5%ISO). On the other hand, XB xylanase, that only enhanced delignification
after the X stage produced a brightness increase not only during the enzymatic stage
but also after the D and P stages (1.4 and 1.6%ISO, respectively). Finally,
commercial XC xylanase caused an increase in brightness after each bleaching stage
and was the most effective one after X and P stages (1.5 and 3.3%ISO brightness
increase with respect to the control sequence, respectively).
Therefore, the different xylanases tested produced different effects on the kappa
number and brightness properties, being xylanase XC the most effective one in
bleaching. The results obtained indicate that all the xylanases tested increased both
delignification and brightness during the enzymatic stage. As previously suggested
by other authors, this fact could be explained either by the enzymatic release of
xylan–lignin complexes (Bajpai 2004; Wong et al. 1997a, b) or by the release of
xylans containing chromophoric groups formed during the kraft cooking process
from carbohydrates (Mateo 2004).
Effect of the xylanases on viscosity
The viscosity results obtained for the treated pulps for each sequence and after each
stage are shown in Table 3. After the enzymatic (X) stage, there was no variation on
pulp viscosity, neither for the control treatment (X0) nor for the XA and Xc xylanase
treatments. However, in the case of XB xylanase, a slight increase in viscosity was
observed after both, the enzymatic and the chlorine dioxide stages. It has been
suggested in previous works that the increase in viscosity produced after the X stage
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Fig. 1 Delignification (a) and brightness (b) increases after the treatment with xylanases with respect to
the control sequence. Enzyme dose: 1 U g-1 odp
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could be due to the elimination of hemicelluloses of low molecular weight (xylans)
(Roncero et al. 2003d, 2005). Moreover, since viscosity did not decrease during the
enzymatic treatments, it demonstrated that the xylanases used were specific for
xylans and did not show any cellulase activity. This is an important quality for a
xylanase because cellulose will not be deteriorated. Similar results were also
obtained in previous studies (Roncero et al. 1996; Siles et al. 1996).
Effect of E. coli cell extract on treated pulps
A second control sequence with an E. coli cellular extract devoid of xylanase
activity (X0EC) was carried out in order to ensure that no other components of the
evaluated recombinant E. coli cellular extract containing XA xylanase produced any
sort of effect on the pulp and effluent properties. The pulp properties of this second
control sequence (X0EC) did not show any difference with respect to the results
obtained for the control sequence (X0), indicating that the presence of E. coli cell
extracts did not affect the xylanase activity nor modified the properties of the pulps
(data not shown).
Dissolution of xylans during the X pre-treatment
In order to evaluate the action of each xylanase on the xylan polymer, a thin-layer
chromatography of the effluents of the enzymatic stage (X) was carried out (Fig. 2).
With this analysis, the xylooligosaccharides solubilized during the X stage can be
detected. As it is shown in Fig. 2, xylobiose (X2), xylotriose (X3), uronic acids (Ur)
and also some additional products with higher molecular weight than xylotetraose
(like xylooligosaccharides branched with hexenuronic acids or methylglucuronic
acids (Christov et al. 2000)) appeared dissolved in the effluents from the control
treatment (X0) sample (lines 4–7; 10–11 and 14–15). This fact made it difficult to
interpret the results of the xylanase-treated pulp effluents. The presence of these
products could be the result of the oxygen delignification developed in the mill. The
products released during this mill stage could have stayed in the pulp due to an
inadequate washing, thus being dissolved and transferred to the effluents during the
X0 treatment.
Table 3 Viscosity values after each bleaching stage
Viscosity (ml g-1)
X XD XP
X0 981 ± 30 980 ± 22 848 ± 15
X0EC 1,004 ± 22 985 ± 20 878 ± 33
X1A 989 ± 20 994 ± 17 899 ± 12
X1B 1,001 ± 10 1,001 ± 3 846 ± 15
X1C 977 ± 7 998 ± 21 843 ± 30
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The effluents corresponding to the treatments performed with the new xylanase
XA (lines 2–3) and with the commercial XB xylanase (lines 8–9) showed the same
pattern of dissolved products than the control treatment, although the spots seemed
to be more intense, probably as a result of the xylanase action on the xylan polymer.
Moreover, as shown by the results obtained for the kappa number and brightness of
the pulps treated with these xylanases, some effect was produced during the
enzymatic stage, since xylan–lignin complexes or xylans with chromophore groups
were removed.
On the contrary, the effect produced by xylanase XC on xylans was more evident
since the spots that appeared in the corresponding effluents (lines 12–13) were
clearly more intense, especially for xylobiose (X2) and xylotriose (X3). Moreover,
XC produced a significant release of xylotetraose (X4), not observed in the other
treatments, as well as products of higher molecular weight. All these products were
released as a consequence of the hydrolysis of the xylan polymer by xylanase XC. It
is also important to remark that xylose was not released by xylanase XC, indicating
an endoxylanase typical behaviour pattern for this enzyme.
The hydrolysis of xylans observed by TLC was strongly related to the results
obtained after analysis of the kappa number and brightness properties. Thus, as
previously reported by other authors (Clarke et al. 1997; Madlala et al. 2001; Patel
et al. 1993; Valls et al. 2010a), different xylanases produced different effects on the
xylan polymer, being the differential release of sugars an indication of their
corresponding bleach boosting effect. According to this, XC was the xylanase
producing the highest dissolution of xylans and it also was the enzyme responsible
for the greater effect on boosting delignification and bleaching. Therefore, it is
possible to assess that analysis of the xylans dissolved in the effluents is a way to
evaluate the future effectiveness of a defined xylanase on pulp bleaching.
Fig. 2 Thin-layer chromatography (TLC) of the effluents in X stage (1: Initial; 2–3: X1A; 4–5: X0; 6–7:
X0EC; 8–9: X1B; 10–11: X0; 12–13: X1C; 14–15: X0)
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Effect of xylanases on HexA removal
Hexenuronic acids (HexA) are produced during alkaline cooking of wood, where
some 4-O-methyl glucuronic acids present in xylans are converted into their
unsaturated forms -hexenuronic acids- through the loss of methanol. HexA are
important in pulp processing because they can adversely affect bleaching by
facilitating brightness reversion (Cadena et al. 2010; Kawae and Uchida 2005) and by
contributing to increase the kappa number (Costa and Colodette 2007; Li and
Gellerstedt 1997; Vuorinen et al. 1999). During alkaline kraft cooking, short-chain
xylans precipitate in more or less crystalline forms on the surface of the cellulose
microfibers. Because of their large molecular mass, the more readily accessible
hemicelluloses on fibre surfaces should be the first one to be hydrolysed by xylanases.
As such hemicelluloses contain HexA, an enzymatic treatment could theoretically
decrease the hexenuronic acid contents of the alkaline kraft cooked pulps.
To test for this possibility, the effect of the new xylanase XA and the commercial
XC xylanase on the removal of hexenuronic acids was evaluated during the XD
sequence and compared with a control sequence (X0D).
The initial eucalyptus pulp contained 44.1 ± 0.42 lmol HexA g-1 odp. The
control treatment X0 produced a 23% reduction in HexA contents due to the
dissolution of xylans at the application conditions, as the TLC results showed. On
the other hand, the two xylanases evaluated significantly contributed to the removal
of HexA (Fig. 3). However, the commercial XC xylanase produced a greater effect,
with a 15% increase in HexA removal with respect to the control treatment, whereas
only a 2.5% increase in HexA removal was found for the new xylanase XA.
Removal of HexA by xylanases was caused by an increased dissolution of xylans
during the enzymatic treatment of pulps containing these acids. This is in agreement
with the TLC results that showed that xylanase XC produced a huge dissolution of
xylans during this stage, and for this reason, HexA contents strongly diminished.
The D stage produced around 50% HexA removal, a result that is in agreement
with the literature data, where chlorine dioxide is described as an electrophylic
oxidant that may attack and destroy the HexA double bond (Torngren 2002). Thus,
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after the control X0D sequence, the HexA contents were reduced by 76%. As for the
enzymatic stage (X), after the D stage, the two xylanases assayed produced a
decrease of the HexA contents in the pulps in comparison with the control sample
X0D (Fig. 3). However, after an XD treatment, it was the new xylanase XA that
produced the highest effect, contributing to an increase in HexA removal of 9% with
respect to the control sequence and in contrast with XC that caused a 6% increase in
HexA removal.
Hexenuronic acids are known by their contribution to increase the kappa number
(Valls et al. 2010b). Consequently, the decrease in kappa number occurred during
the enzymatic stage by both xylanases could be due to the removal of HexA. This
elimination would be probably produced by the release of xylan from the fibre
surface containing these acids. The lower HexA contents in the pulps treated with
xylanases will be an added value of the final papers produced since they will display
higher durability, and it will diminish the problems in the bleaching plant.
Concerning the new xylanase XA, despite not being effective in producing a bleach
boosting effect, as observed by the kappa number and brightness properties, it
significantly diminished the hexenuronic acids contents which will make this
xylanase an interesting enzyme for further studies in order to analyse the reason of
its ability in HexA removal.
Effect of xylanases on fibre morphology analysed by SEM
The behaviour of paper pulp during the bleaching process, the effect of different
bleaching agents and the physical properties of these pulps could be related to the
surface morphology of the fibres. In order to understand the differential effect on
bleaching and HexA removal of the xylanases assayed in this work, the morphology
of fibre surfaces after enzyme treatment was studied by SEM.
Fibres from control treatment (X0) showed smooth surfaces (Fig. 4a). In contrast,
morphological changes were found when the enzymes were applied. These changes
depended on the xylanase used. Fibres treated with the new xylanase XA (Fig. 4b)
showed a rough surface, heterogeneous and striated, indicating that they were in the
process of peeling. On the other hand, fibres treated with XB showed some flakes
and filaments of material detached from the fibres that could contribute to increase
the interfibre bonds (Fig. 4c). In fact, this greater external fibrillation should affect
the pulp behaviour during the refining process and would favour the final physical
properties of papers, like for example the tear resistance (Roncero et al. 2003d,
2005). This result was in accordance with the slight increase in viscosity observed
with this xylanase (Table 3). Finally, after XC treatment, some grooves or cracks
appeared at certain surface regions of the fibres, probably produced by the removal
of xylans from the fibre surface. Similar effects have been observed for a different
commercial xylanase (Pulpzyme HC) (Roncero et al. 2000). Moreover, grooves or
cracks after the xylanase treatment were not regularly distributed all over the fibre
surface, leading to believe that they occurred in the less crystalline regions of the
fibre or where the xylans had been deposited (Roncero et al. 2005). Thus, although
all the xylanases assayed produced some effects on fibre morphology, the holes and
cracks produced by the release of xylans were only observed for commercial XC
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xylanase. As shown by the TLC results, the highest removal of xylans was produced
by this specific xylanase. Moreover, xylanase XC was the most effective one in
improving the overall pulp properties, suggesting that through the grooves produced
on the surface of the fibres, the bleaching reagents more easily and effectively
penetrate the inner parts of the fibre, thus increasing the lignin and hexenuronic
acids removal.
Effectiveness of the bleaching stages D and P
The effects produced on pulps by the acidic stage using chlorine dioxide were
compared with those produced during an alkaline stage using hydrogen peroxide. As
shown in Fig. 5, the three stages are clearly separated (X, XD and XP) where XD
pulps show a lower kappa number and a slightly higher brightness than XP pulps.
On the other hand, viscosity was slightly reduced by hydrogen peroxide (around
80 ml g-1) while it remained invariable after the treatment with chlorine dioxide.
The final objective of the bleaching process is to diminish as much as possible the
kappa number and to improve the brightness without any deterioration of the
cellulose of the pulp (without decreasing the viscosity). Chlorine dioxide is a very
selective bleaching agent and a powerful oxidant that produces high delignification
(50%) and a brightness increase of about 30% because it reacts with the phenolic
and non-phenolic groups of the lignin without a considerable deterioration of the
Fig. 4 SEM photographs of the fibre surface of control pulp (a) and pulps enzymatically treated with XA
(b) XB (c) and XC (d)
444 Wood Sci Technol (2011) 45:433–448
123
cellulose. Moreover, as shown in this work, it strongly decreases the HexA contents
of the pulps (50%).
From the results obtained, hydrogen peroxide produced a higher effect in
increasing brightness (around 20%) than in producing delignification (16%)
probably because it shows affinity for the chromophore groups of the pulp. On
the other hand, hydrogen peroxide produced a decrease in viscosity probably due to
the formation of radicals that reacted with the carbohydrates (Lachenal and Chirat
1999). The HexA contents were not measured after this stage since it is known that
hydrogen peroxide does not react with these acids (Jiang et al. 2000).
The effect of the different xylanases tested showed the same tendency with the
two bleaching agents used. Therefore, an XD sequence was shown to be the most
promising since in D stage a 30% higher delignification was achieved in comparison
with the P stage, and also because the contents in hexenuronic acids was strongly
reduced and there was no deterioration of the pulp’s cellulose.
Complete bleaching sequence with the best enzyme
Finally, a complete bleaching sequence XCDEopD1 was carried out with the best
commercial enzyme (XC). High delignification (84%) and brightness (about 90%
ISO) were obtained in this sequence without important changes in pulp viscosity
(near 900 ml g-1). In comparison with a control sequence X0DEopD1, the addition
of xylanase gave rise to a brightness increase of 3%ISO.
Conclusion
The performance of one new and two commercial xylanases during ECF (XD) and
TCF (XP) bleaching of an oxygen-delignified eucalyptus kraft pulp was evaluated.
It was shown that xylanases were effective at the industrial application conditions.
The new xylanase (XA) remained stable during the 2 h of application and produced
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a slight dissolution of xylans and lignin during the enzymatic stage that involved a
significant removal of the hexenuronic acids from pulps. However, it did not lead to
a bleach boosting effect by D or P stages. Concerning the two commercial
xylanases, they displayed a different behaviour, being xylanase XC the most
effective one. A bleach boosting effect was clearly observed with this xylanase,
which was related to its greater hydrolysing action of the xylan polymer. Moreover,
the dissolution of xylans made the hexenuronic acids diminish. An important
particularity of the three xylanases was that they were xylan specific because they
did not affect the viscosity of the pulps. Morphological changes were observed in
the fibre surface with all the xylanases evaluated, but holes produced by the removal
of xylans were only observed after treatment with XC.
No significant differences concerning the effects of xylanases were observed
between an acidic stage with chlorine dioxide (D) and an alkaline stage with
hydrogen peroxide (P). Therefore, the XD sequence was selected to evaluate the
performance of xylanases, since chlorine dioxide was a more effective bleaching
agent.
A complete bleaching sequence (XCDEopD1) was carried out obtaining a
brightness 3%ISO higher than the control sequence.
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